Gardner-Rasheed feline sarcoma virus (GR-FeSV) is an acute transforming retrovirus which encodes a gag-onc polyprotein possessing an associated tyrosine kinase activity. The integrated form of this virus, isolated in the Charon 21A strain of bacteriophage A, demonstrated an ability to transform NIH/3T3 cells at high efficiency upon transfection. Foci induced by GR-FeSV DNA contained rescuable sarcoma virus and expressed GR-P70, the major GR-FeSV translational product. The localization of long-terminal repeats within the DNA clone made it possible to establish the length of the GR-FeSV provirus as 4.6 kilobase pairs. The analysis of heteroduplexes formed between A feline leukemia virus (FeLV) and A GR-FeSV DNAs revealed the presence of a 1,700-base-pair FeLV unrelated segment, designated v-fgr, within the GR-FeSV genome. The size of this region was sufficient to encode a protein of approximately 68,000 daltons and was localized immediately downstream of the FeLV gag gene coding sequences present in GR-FeSV. Thus, it is likely that this 1.7-kilobase-pair stretch encodes the onc moiety of GR-P70. Utilizing probes representing v-fgr, we detected homologous sequences in the DNAs of diverse vertebrate species, implying that v-fgr originated from a well-conserved cellular gene. The number of cellular DNA fragments hybridized by v-fgr-derived probes indicated either that proto-fgr is distributed over a very large region of cellular DNA or represents a family of related genes. By molecular hybridization, v-fgr was not directly related to the onc genes of other known retroviruses having associated tyrosine kinase activity.
The study of acute transforming retroviruses has provided a potentially important approach to elucidating mechanisms involved in malignant transformation. Such viruses have arisen in nature by the recombination of replication-competent type-C retroviruses with evolutionarily well-conserved cellular genes. These latter sequences, termed onc genes, have been shown to be required for the induction and maintenance of the viral transformed state (for a review, see references 8 and 11) . Certain independent virus isolates of the same, and even different, species have transduced closely related onc genes (2, 4, 6, (14) (15) (16) 20 (3, 12, 18, 19, 24, 27, 30, 32, 34, 45, 47) . The results of molecular hybridization studies indicate that most of these onc genes have arisen from different cellular genes (8, 41 ). Yet, nucleotide sequence analysis has revealed that some of these genes possess a striking degree of homology at the amino acid sequence level (23, 28, 35a, 40) . Thus, accumulating evidence indicates an evolutionary relationship among the onc genes of those retrovi-a 70,000-dalton phosphoprotein (GR-P70) whose associated protein kinase activity is specific for tyrosine residues (31a, 35) . To determine the detailed structure of the GR-FeSV genome and to compare it with other acute transforming retroviruses having tyrosine kinase activity, we undertook the molecular cloning of the integrated form of GR-FeSV.
MATERIALS AND METHODS Cells and virus. NIH/3T3 (26), racoon fibroblast (35) , feline embryo fibroblast (37) , and QT-6 (31) cell lines have been described elsewhere. Human embryo lung fibroblasts were established in tissue culture from explants. The isolation of a clonal racoon fibroblast line nonproductively transformed by GR-FeSV (292-1) has been previously reported (35) . A clonal isolate of mouse amphotropic virus (AP129) (21) was also utilized.
Molecular cloning. The Charon 21A strain of X phage was propagated in Escherichia coli K-12 DP50supF (13) . DNA was purified from CsCl-banded phage as described elsewhere (17) . High-molecular-weight DNA was extracted from clone 292-1 cells and treated with HindIlI. DNA fragments containing integrated GR-FeSV were partially purified by preparative agarose gel electrophoresis, ligated with HindIll-cleaved Charon 21A DNA, and packaged in vitro into phage particles as described elsewhere (44) . The plaques were screened by the method of Benton and Davis (7), using labeled X feline leukemia virus (FeLV) DNA as a probe (39) . DNA transfection. The transfection of NIH/3T3 cells with the molecular clone of GR-FeSV DNA was performed by the calcium-phosphate precipitation technique (22) , as modified by Wigler et al. (46 Previous studies have demonstrated that GRFeSV-transformed nonproducer cells express a virus-coded gag-onc polyprotein (35) , designated GR-P70. A protein of 70,000 daltons was immunoprecipitated from extracts of K GRFeSV DNA-transformed NIH/3T3 cells, using anti-FeLV (Fig. 1, lane a) or anti-FeLV p15 (Fig.   1, lane b) serum, but not with anti-FeLV p30 serum (Fig. 1, lane c) . In contrast, neither antiFeLV (Fig. 1, lane d) nor anti-FeLV p15 (Fig. 1 , lane e) serum detected this protein in extracts of uninfected NIH/3T3 cells. These results demonstrated that the recombinant DNA clone contained the entire biologically active GR-FeSV provirus.
Physical map of A GR-FeSV DNA. A physical map of the 7.8-kbp Hindlll insert of K GR-FeSV DNA was constructed by analysis of its restriction enzyme digestion products in agarose gels. The relative location of cleavage sites was determined by appropriate double digestions. A summary of these studies is shown in Fig. 2 .
The coding sequences of integrated retroviruses are known to be flanked by long-terminal repeats (LTRs) which are several hundred base pairs in length. Examination of the restriction map of A GR-FeSV revealed the presence of two identical constellations of restriction enzyme sites within the cloned DNA fragment. PstI and Sacl cleaved the molecule in identical locations with respect to KpnI sites located at 2.5 and 6.4 kbp on the restriction map. Thus, it is likely that such constellations represent GR-FeSV LTRs. PstI and PvuII sites at 1.9 and 6.7 kbp, respectively (Fig. 2) , defined the maximum length of the GR-FeSV LTRs as 0.7 + 0.1 kbp. From the approximate localization of the LTRs, it was possible to calculate the length of integrated GRFeSV as 4.6 kbp.
Orientation of X GR-FeSV DNA with respect to viral RNA transcription. We utilized the knowledge that the gag gene is localized to the 5' end of the retrovirus genome and that a portion of the FeLV gag gene is expressed in GR-FeSVtransformed nonproducer cells (35) to assign these coding sequences to a region of the A GRFeSV restriction map. A DNA fragment representing the FeLV gag gene was subcloned into pBR322 and labeled by nick-translation for use as a probe. To confirm that our gag genecontaining fragment represented sequences lo- VOL. 47, 1983 on July 6, 2017 by guest http://jvi.asm.org/ Downloaded from first analyzed a previously FeLV DNA clone (39) . This FeLV DNA (Fig. 3, lane a) , as XbaI fragment of FeLV DNA gag gene sequences (Fig. 3 , hybridization of GR-FeSV D probe (Fig. 3, lane c) (39) . The nonhomology (Fig. 4, features 3 and 8) and a NA by this same smaller region of nonhomology (Fig. 4 , features lized to a 4.7-kbp 5 and 9) were separated by 0.6 kbp of double-SV DNA (Fig. 3, stranded DNA (Fig. 4, feature 4 ) and flanked by trated that the left homologous stretches of 1.1 and 0.9 kbp (Fig. 4 (Fig. 4 , features 5 and 9) was localized to the region of GR-FeSV DNA representing the 3' end of GR-FeSV RNA. Based upon the results of heteroduplex analysis, a region of the A GR-FeSV clone located approximately 3.3 to 4.9 kbp on its physical map, designated v-fgr (pronounced "figger"), should contain information unrelated to FeLV. As a test of this possibility, fragments of 400 and 1,000 base pairs spanning 3.2 to 3.6 and 3.8 to 4.8 kbp, respectively, on the K GR-FeSV restriction map were purified, cloned into pBR322, and used as probes to hybridize Southern blots containing FeLV and GR-FeSV DNA. The hybridization of GR-FeSV DNA, as well as that of FeLV DNA (Fig. SB) , by the pv-fgr400 probe, demonstrated that this subclone contained FeLV-related information. In contrast, the pvfgrlOOO probe hybridized GR-FeSV but not FeSV DNA with re-FeLV DNA (Fig. SC) . These data independently ,V DNA was treated demonstrated that at a minimum the region ally with EcoRI and located 3. HindIlI and analyzed by the Southern procedure, using v-fgr-derived probes. The pvfgrlOOO probe detected several bands in the DNAs of all four species tested (Fig. 6A) .
To determine whether cellular DNA fragments detected by the pv-fgrlOOO probe also contained sequences homologous to another region of the GR-FeSV onc sequence, the same HindIll-cleaved cellular DNAs were analyzed with a labeled pv-fgr400 probe. This clone contained a small portion of the GR-FeSV gag gene sequence in addition to approximately 300 base pairs of v-fgr, as determined by heteroduplex and restriction enzyme analysis. Nick-translated FeLV DNA was used in parallel as a probe to determine whether cellular DNA fragments de-VOL. 47, 1983 on tected by pv-fgr400 were FeLV related. Several bands were detected in each species examined with the pv-fgr400 probe (Fig. 6B) , whereas FeLV-related sequences were present only in cat cell DNA (Fig. 6C) . Moreover, none of the DNA fragments detected with pv-fgr400 was detected with the FeLV probe. Since pv-fgr400 and -1000 probes detected a different set of DNA fragments in each cellular DNA examined, intervening sequences appear to separate the v-fgrhomologous regions detected in cellular DNA.
We next performed studies to determine whether the 200-base-pair deletion-substitution loop identified by heteroduplex analysis and localized to the region of the GR-FeSV clone corresponding to the FeLV env gene also represented a conserved cellular sequence. Using a DNA fragment spanning 5.0 to 6.0 kbp on the k GR-FeSV restriction map as a probe, we were not able to detect related sequences in the DNAs from quail, mouse, or human cells (data not shown). Since this 200-base-pair region does not appear to be derived from a conserved cellular sequence, it is likely that it represents env gene differences between the FeLV from which GRFeSV originated and FeLV subgroup B.
Lack of homology between v-fgr and onc genes of other retroviruses with associated tyrosine kinase activities. In a previous study, probes representing the onc genes of the Snyder-Theilen and McDonough strains of FeSV, as well as those of Abelson murine leukemia virus and Rous sarcoma virus, were unable to hybridize integrated GR-FeSV present in transformed nonproducer cells (31a) . These results demonstrated that vfgr was not identical tofes, fms, abl, or src. The availability of v-fgr DNA clones provided an opportunity to establish conditions of the greatest possible sensitivity for assessing whether even limited homology could be detected between v-fgr and other onc genes whose products possess an associated tyrosine kinase activity. The onc genes of avian Fujinami sarcoma virus and Snyder-Theilen FeSV have been shown to be distantly related by molecular hybridization (41) . Under conditions in which a v-fes-specific probe, pST-fes800 (31a), was able to detect 1 ng of the fes sequence of A Snyder-Theilen FeSV BALB DNA, the same probe required 100 ng of the fps sequence present in pFL-5 (29) to achieve a similar signal intensity. In contrast, this probe was not able to hybridize 100 ng of abl, src, or yes (data not shown). Under these same conditions, the pv-fgrlOOO probe readily detected 1 ng of the v-fgr sequence present in A GR-FeSV DNA, but did not hybridize a 100-fold-greater amount of abl-, fps-, fes-, ros-, src-, or yes-specific sequences (Table 1) . Thus, no sequence homology could be established between v-fgr and other retrovirus onc genes DISCUSSION The present report describes the molecular cloning of the integrated GR-FeSV genome in its intact, biologically active form. The GR-FeSV DNA clone demonstrated a specific transforming activity rivaling that of the most potent retrovirus transforming genes. Previous studies have shown that GR-FeSV codes for a 70,000-dalton phosphoprotein (GR-P70) (31a, 35), the amino terminus of which contains FeLV p15 and p12 antigenic determinants. By analogy with known retroviruses, whose transforming gene products are synthesized as gag-onc hybrid proteins (8, 11) , the remaining 40,000 to 45,000 daltons of GR-P70 were presumed to be derived from its onc sequence. In the present studies, structural analysis of the 4.6-kbp GR-FeSV DNA clone led to the detection and localization of an onc sequence, v-fgr, to a 1.7-kbp region in the center of the genome (Fig. 7) . FeLV sequences upstream of v-fgr contained the viral LTR and sufficient FeLV coding information only for FeLV p15 and p12 gag gene products. Since v-fgr contains information sufficient to code for a 68,000-dalton protein, our results suggest that the 70,000-dalton gag-fgr hybrid protein extends into, but probably terminates within this cell-derived sequence.
Since the initial observation that the Rous sarcoma virus src gene product p60''' possesses protein kinase activity (12) with specificity for tyrosine residues (25) (3, 18, 19, 24, 27, 32, 45, 47) . SnyderTheilen and Gardner-Arnstein FeSV onc genes arose from the same cat proto-oncogene (20) , whereas Fujinami sarcoma virus apparently incorporated this sequence from avian cells (41) . Other tyrosine kinase-associated onc genes appear to have arisen from different proto-oncogenes; however, nucleotide sequence analysis has indicated a striking homology within their coding regions at the amino acid sequence level (23, 28, 35a, 40) . These studies have implied that the functional similarities of the onc gene products also reflect evolutionary relatedness among this family of onc genes.
The tyrosine kinase associated with GR-FeSV has raised the possibility that its onc gene may have arisen in the cat from a previously identified proto-oncogene. Recent findings that cloned onc genes of several tyrosine kinase-associated transforming viruses failed to detect integrated GR-FeSV DNA in transformed nonproducer cells have argued against this possibility (31a). (8, 11) .
A striking feature of the normal cellular sequences related to v-fgr was the large number of fragments demonstrated in each species analyzed. In mouse cellular DNA, for example, the sum of individual v-fgr-related DNA fragments would correspond to a single gene of at least 125 kbp. Since the largest previously characterized cellular gene is around 40 kbp (10, 33, 48) , it is likely that proto-fgr is less complex, but is present in multiple copies within the normal cell genome. Thus, if v-fgr can be evolutionarily linked to other tyrosine kinase-associated onc genes by nucleotide sequence studies, the size of this family may be significantly increased.
